By combining a recent precise measurement of the ionization energy of 87 Rb with previous measurements of electronic and hyperfine structure, an accurate value for the 85 Rb − 87 Rb isotope shift of the 5 2 S 1/2 ground state can be determined. In turn, comparison with additional spectroscopic data makes it possible for the first time to evaluate isotope shifts for the low-lying excited states, accurate in most cases to about 1 MHz. In a few cases, the specific mass shift contribution can be determined in addition to the total shift. This information is particularly useful for spectroscopic analysis of transitions to Rydberg states, and for tests of atomic theory.
By combining a recent precise measurement of the ionization energy of 87 Rb with previous measurements of electronic and hyperfine structure, an accurate value for the 85 Rb − 87 Rb isotope shift of the 5 2 S 1/2 ground state can be determined. In turn, comparison with additional spectroscopic data makes it possible for the first time to evaluate isotope shifts for the low-lying excited states, accurate in most cases to about 1 MHz. In a few cases, the specific mass shift contribution can be determined in addition to the total shift. This information is particularly useful for spectroscopic analysis of transitions to Rydberg states, and for tests of atomic theory. Much experimental work has been done on measuring with high accuracy the absolute frequencies of various ground state to singly-excited state transitions in the two most prevalent rubidium isotopes, 85 Rb and 87 Rb [1] [2] [3] [4] [5] [6] [7] . In many cases transition frequencies have been measured for both isotopes, allowing accurate determinations of the transition isotope shift. However, isotope shifts for individual electronic states of rubidium have not been previously reported, with the exception of the ground 5 2 S 1/2 state. Even for the ground state, the best previous determination is accurate only to 10 MHz [8] . Accurate stateby-state isotope shifts are useful both for testing atomic many-body theory and for analyzing spectroscopic transitions between excited states in mixed-isotope samples. This is especially useful for transitions to Rydberg states, which have negligible isotope shifts. For example, this information can enable spectroscopic detection of nearresonant excitation exchange or charge exchange between ultracold isotopes of the same species. The analysis of isotope shifts is also one of the most sensitive methods for determining isotopic variations in nuclear charge distributions [9, 10] .
Isotope shifts arise due to three distinct effects. The normal mass shift (NMS) is due to the differing isotopic mass, and thus differing reduced mass in the kinetic energy term of the Hamiltonian. The specific mass shift (SMS) is dependent on electron-electron correlations as well as the reduced mass, and the field shift (FS) is the contribution due to the spatial distribution of the nuclear charge density [11, 12] . Generally speaking, the SMS poses difficult challenges for atomic theory [13] , while the FS is more tractable, and is closely linked to the meansquared nuclear charge radius. In the specific cases of 87 Rb and 85 Rb, the charge radii are well-known from muonic X-ray data [10, 14, 15] , and experimental isotope shifts can be regarded as benchmarks for theoretical calculations of the SMS [13] .
Major improvements in the experimental isotope shift data for several electronic states of rubidium can be realized by combining an impressively accurate new measurement of the ionization energy (IE) of 87 Rb [16] with previous spectroscopic data for electronic and hyperfine structure. The new 87 Rb results are accurate to 0.3 MHz, an improvement over previous work [8] by more than two orders of magnitude. To determine the 5 2 S 1/2 ground state isotope shift, the 87 Rb IE can be combined with the 85 Rb IE determined from earlier high-precision measurements of Rydberg ns states [3, 17] . We take the accuracy of the 85 Rb IE to be 0.9 MHz as listed in the recent review article by J. Sansonetti (Ref. [3] ), but we caution that the two data fitting methods used in the original experimental analysis differ by 2.1 MHz [17] , suggesting that the uncertainty may be slightly underestimated.
To remove the hyperfine structure from the experimental results, the position of the hyperfine center-of-mass (COM) energy must be determined. A conventional twoparameter model [18] is sufficient to describe the hyperfine structure to the required accuracy,
(1) Here K = F (F + 1) − I(I + 1) − J(J + 1), and A i and B i are the magnetic dipole and electric quadrupole hyperfine constants for state |i , with B i contributing only when J > 1/2.
For the 5 2 S 1/2 ground state of 87 Rb, the IE reported in Ref. [16] is referenced to the F =1 hyperfine level of the ground state, and we used accurate measurements of the hyperfine structure from Refs. [4] and [19] to refer the IE to the COM prior to comparison with 85 Rb. The resulting ground-state isotope shift is δ 85−87 = 164.35 ± 0.95 MHz, where δ 85−87 ≡ E 85 − E 87 . This ground-state isotope shift is consistent with the best previous determination of 167 ± 10 MHz [8] , but is an order of magnitude more accurate. Given this result, isotope shifts for several excited electronic states can in turn be calculated by use of existing high-precision measurements of electronic transitions and hyperfine structure. In Table I we collect the results. In most cases the original data analyses included calculations of transition isotope shifts referenced to the hyperfine COM, and it was necessary only to subtract out the ground-state isotope shift. The uncertainty listed for the total isotope shift of each state is the quadrature sum of the uncertainty in the groundstate isotope shift and the the transition isotope shift a Uncertainties may be slightly larger due to a possible underestimation in Ref. [3] ; see text.
for that state. Generally the ground-state isotope shift dominates the uncertainty. In the case of the 4 2 D 3/2 state, the transition isotope shift was not calculated in the most recent previous work [5] and only two transitions per isotope were measured, not enough to determine the hyperfine constants without further information. In that work, the A and B constants were determined by assuming that the ratio A 87 /A 85 is the same as for the 5 2 S 1/2 state, and that the ratio B 87 /B 85 is the same as for the 5 2 P 3/2 state. However, examination of hyperfine data for several electronic states shows that the typical hyperfine anomalies (i.e., deviations from this assumption) are large enough to affect the A and B constants by several percent. An interesting discussion of some of the origins of hyperfine anomalies for rubidium is provided in Ref. [15] . We chose in this work to use previous experimental values for A [18] that did not rely on this scaling argument. However, we retained the values for the quadrupole hyperfine constant B from Ref. [5] as no other determinations are available. Fortunately the B constants are small enough (B 87 =2.2 MHz and B 85 =4.5 MHz) that a variation by several percent would not significantly affect our results. Another special case is the 5 2 P 3/2 state, for which two disagreeing measurements of the transition isotope shift exist, with approximately equal quoted accuracies [1, 6] . The difference of 0.41 MHz is significantly smaller than our overall uncertainty of about 1 MHz, and we chose in this work simply to use an average of the two values.
In Table I we also show the normal mass shift, easily calculated using the COM energies for the 85 Rb levels as extracted from Refs. [1] [2] [3] [4] [5] [6] [7] and isotopic masses from Ref. [20] , and the remaining contribution due to the combined SMS and FS. The results for nd states reveal a striking accidental cancellation that leaves a net isotope shift of very nearly zero, whereas for the ns and np states the normal mass shift is dominant. It would be of considerable interest to further separate the FS from the SMS contributions, which would provide experimental benchmarks for the SMS. In principle the field shift can be used to determine the isotopic difference in the nuclear mean-squared charge radius, but as already mentioned these radii are already known to about 0.04% [10, 15] . For 87 Rb there is an interesting minimum in r 2 because the neutron number A = 50 is a "magic" value that leads to closed-shell nuclear configuration [21] . As a result there have been numerous analyses and calculations of Rb isotope shifts as a function of N , including recent nuclear structure calculations that are beginning to approach experimental accuracy [22] .
The FS and SMS terms could easily be separated if the FS is assumed to be dominated by a simple contact interaction, but calculations for Na, K, Cs, and Fr [11, 13, 23] show that higher-order contributions can be significant, and there are small FS contributions even for states with with ℓ = 0. [13, 24] , but for Na, K, Cs, and Fr calculations show substantial SMS contributions that vary almost unpredictably. For example, they happen to be particularly large for the 3d levels of K, where the SMS is 1.08 times as large as the NMS, and has the opposite sign. We hope that the present experimental isotope shifts will stimulate new theoretical calculation for Rb.
In conclusion, we have determined isotope shifts δ
85−87
accurate to about 1 MHz for the ground state and seven excited states of rubidium. The ground-state result is consistent with prior determinations, while the excitedstate shifts have not been previously determined. For two states, 5 2 S 1/2 and 5 2 P 3/2 , the specific mass shift could be determined as well. These results should prove useful both for the analysis of excited-state spectra and for tests of atomic theory.
